The rice basic domain/Leu zipper factor TRAB1 binds to abscisic acid (ABA) response elements and mediates ABA signals to activate transcription. We show that TRAB1 is phosphorylated rapidly in an in vivo labeling experiment and by phosphatase-sensitive mobility shifts on SDS-polyacrylamide gels. We had shown previously that a chimeric promoter containing GAL4 binding sites became ABA inducible when a GAL4 binding domain-TRAB1 fusion protein was present. This expression system allowed us to assay the ABA response function of TRAB1. Using this system, we show that Ser-102 of TRAB1 is critical for this function. Because no ABA-induced mobility shift was observed when Ser-102 was replaced by Ala, we suggest that this Ser residue is phosphorylated in response to ABA. Cell fractionation experiments, as well as fluorescence microscopy observations of transiently expressed green fluorescent protein-TRAB1 fusion protein, indicated that TRAB1 was localized in the nucleus independently of ABA. Our results suggest that the terminal or nearly terminal event of the primary ABA signal transduction pathway is the phosphorylation in the nucleus of preexisting TRAB1.
INTRODUCTION
The plant hormone abscisic acid (ABA) mediates plant responses to environmental stress, such as high salinity, drought, low temperature, and mechanical wounding . ABA also plays important roles in the accumulation of storage proteins and other reserve materials, the acquisition of desiccation tolerance, the arrest of embryonic development, and the achievement of dormancy during seed maturation (McCarty, 1995) .
ABA activates various genes associated with these processes Busk and Pages, 1998) . Analyses of the ABA-regulated promoters in a search for cis elements required for ABA induction have revealed ABA-responsive elements (ABREs) (Marcotte et al., 1989; Guiltinan et al., 1990; Mundy et al., 1990; Skriver et al., 1991 ; for review, see Busk and Pages, 1998) . Because multimerized ABREs can confer ABA responsiveness to a heterologous, minimal promoter (Skriver et al., 1991; Vasil et al., 1995) , this sequence intrinsically possesses the capacity to mediate ABA signals. However, in a natural promoter context, an ABRE requires a second sequence element called a coupling element. The two elements together, or with other additional elements, constitute an ABA-responsive complex and synergistically activate transcription in response to ABA (Shen and Ho, 1995; Shen et al., 1996) . Although two distinct coupling elements, namely CE1 (Shen and Ho, 1995) and CE3 (Shen et al., 1996) , were reported originally, the latter has been shown to be a variant of ABRE (Hobo et al., 1999a) . Therefore, two or more copies of ABREs also appear to constitute an ABAresponsive complex (Hobo et al., 1999a) .
Basic domain/Leu zipper (bZIP) factors such as the wheat EmBP1 (Guiltinan et al., 1990) , the tobacco TAF-1 (Oeda et al., 1991) , and the rice OSBZ8 (Nakagawa et al., 1996) and osZIP-1a (Nantel and Quatrano, 1996) have been reported as candidates for ABRE binding factors. However, none of these proteins has been shown conclusively to be involved in ABA-responsive gene expression. By contrast, a distinct subfamily of bZIP proteins has been shown to be responsible for ABA-induced transcription in recent studies (Hobo et al., 1999b; Choi et al., 2000; Finkelstein and Lynch, 2000; Lopez-Molina and Chua, 2000; Uno et al., 2000; Kang et al., 2002) . TRAB1, one of these factors, has been cloned by yeast two-hybrid screening in a search for proteins that interact with VP1/ABI3 (Hobo et al., 1999b) , a transcription factor that is required for ABA-regulated gene expression during seed development (McCarty et al., 1991; Giraudat et al., 1992; Hattori et al., 1992 Hattori et al., , 1994 . Although VP1/ABI3 binds to Sph/RY elements via its B3 domain (Suzuki et al., 1997) , it also acts through ABRE (Hattori et al., 1995; Vasil et al., 1995) . However, VP1/ABI3 does not bind directly to ABRE; instead, it functions via an interaction with ABRE binding factors such as TRAB1 (Hobo et al., 1999b) and ABI5 (Nakamura et al., 2001) . TRAB1 has been demonstrated to have the ability to mediate ABA signals, because transcription from a chimeric promoter containing GAL4 binding sites becomes ABA inducible in the presence of a GAL4 DNA binding domain-TRAB1 fusion protein (Hobo et al., 1999b) .
ABI5 is an Arabidopsis bZIP factor homologous with TRAB1 (Finkelstein and Lynch, 2000; Lopez-Molina and Chua, 2000) . The abi5 mutant displays reduced sensitivity to ABA upon seed germination. The transcript levels for some LEA genes have been shown to be lower in abi5 mutant seeds (Finkelstein, 1994; Finkelstein and Lynch, 2000; LopezMolina and Chua, 2000) . Physical interaction between ABI3 and ABI5 also has been demonstrated by yeast two-hybrid assays (Nakamura et al., 2001) . In addition to its function in late embryogenesis, ABI5 is suggested to play a role in a checkpoint mechanism by which growth is arrested under stressed conditions during a limited period of postgerminative development (Lopez-Molina et al., 2001) . In Arabidopsis, other TRAB1 homologs (AREB1/ABF2, AREB2/ABF4, AREB3, ABF1, and ABF3) also have been cloned (Choi et al., 2000; Uno et al., 2000) . These factors were identified on the basis of their ability to bind ABREs by the yeast one-hybrid screen. Some of these factors have been shown to activate an ABA-responsive promoter and to enhance its ABA responsiveness (Uno et al., 2000) .
Because ABA-induced transcription via ABREs basically does not require de novo protein synthesis (Mundy and Chua, 1988) , TRAB1 and other ABRE binding factors represent the terminal factors of the primary ABA signaling pathway. In addition to these transcription factors, several components involved in ABA signal transduction have been identified. ABI1 and ABI2 each encodes a protein phosphatase 2C that is homologous with the other (Leung et al., , 1997 Meyer et al., 1994) , and both of them have been shown to negatively regulate ABA signals (Gosti et al., 1999; Merlot et al., 2001 ). Overexpression of calcium-dependent protein kinases (CDPKs) has been shown to activate ABAregulated promoters (Sheen, 1996) . AAPK, an ABA-activated protein kinase that is involved in ABA-induced stomatal closure, has been cloned from Vicia faba (Li et al., 2000) . Second messenger molecules, such as cyclic ADPRib, phosphatidic acid, and phosphoinositides that regulate intracellular Ca 2 ϩ levels, and the enzymes that produce these molecules, are implicated in ABA signaling (Wu et al., 1997; Ritchie and Gilroy, 1998; Sanchez and Chua, 2001) .
Although information about ABA signal transduction is increasing, how ABA signals are transmitted to the transcription machinery and lead to the activation of gene expression remains largely unknown. In the present study, we investigated the molecular changes in TRAB1 protein that are caused by ABA signals. We show here that TRAB1 is phosphorylated rapidly in response to ABA. We also demonstrate that this ABA-induced phosphorylation of TRAB1 occurs at a specific Ser residue that is essential to its capacity to mediate the ABA signal.
RESULTS

Conserved Sequence Blocks and Phosphorylation Signatures in TRAB1
To date, six different bZIP proteins from Arabidopsis have been reported, all of which have bZIP structures highly homologous with that of TRAB1 and all of which are implicated in ABA regulation, in addition to those reported previously for Helianthus (Kim et al., 1997) . When the amino acid sequence of TRAB1 is compared with those of homologs from other plant species, three sequence blocks are found, designated regions I to III, that are highly conserved among these factors in the N-terminal region (Figure 1 ). The sequence comparison and examination of the genomic sequence corresponding to the TRAB1 gene obtained from the Syngenta draft sequence database (http://portal.tmri. org/rice/RiceAccess.html; Goff et al., 2002) revealed that the protein encoded by the previously reported cDNA clone (Hobo et al., 1999b) lacked the N-terminal 56 amino acids, which include half of the conserved region I. The conserved regions contain an interesting repeated motif, Thr-hy -ac -ac , where hy and ac represent hydrophobic and acidic amino acid residues, respectively. This motif includes a potential casein kinase II phosphorylation site predicted by PROSITE searching. The PROSITE search also revealed a potential protein kinase C phosphorylation site in region II. In addition, another motif, QGSLT, which also contains a potential phosphorylation site (Lopez-Molina et al., 2001) , was found to be repeated twice in regions I and II.
Although the cDNA clone for TRAB1 turned out to be partial, we performed further analysis with this clone because it retains the ability to mediate ABA signal and to bind ABREs (Hobo et al., 1999b) .
Role of the N-Terminal Conserved Sequence Blocks
We examined the role of the conserved sequence blocks in the N-terminal region. Serial internal deletions of 20 amino acids were introduced in the N-terminal region of the TRAB1 part of GBD-TRAB1 (DNA binding domain-TRAB1 fusion protein), and each of these deletion constructs was cotransfected with the UAS-TATA-GUS reporter gene (a ␤ -glucuronidase [GUS] reporter gene under the regulation of a chimeric promoter consisting of GAL4 binding sites and the 35S minimal promoter of Cauliflower mosaic virus ) into rice protoplasts (Figure 2 ). The expression of the UAS-TATA-GUS reporter gene was induced by ABA when it was cotransfected with the wild-type GBD-TRAB1, as reported previously (Hobo et al., 1999b) . This experimental system allowed us to assay the activating and/or ABA signaling function of TRAB1 independently of its DNA binding function. The deletions that removed conserved regions I and III (Figure 2 , constructs ID1 and ID4) did not affect the ABA in-duction of the reporter gene expression. By contrast, the deletion in ID2, which removed most of region II, resulted in a significant decrease of ABA-induced transcription as well as basal transcription. Construct ID3, carrying a deletion between regions II and III, gave a decreased level of reporter gene expression in both the absence and presence of ABA; however, it retained the ability to respond to ABA. These results indicate that region II but not region III is essential for mediating ABA signal. Because we did not test a deletion of the N-terminal 20 amino acids of the truncated version of TRAB1, it is possible that this part of region I also might be essential. In addition, the possibility cannot be excluded that the N-terminal sequence missing in our TRAB1 clone might contribute to greater ABA responsiveness or activation.
TRAB1 Is Phosphorylated in Response to ABA
Phosphorylation is a frequently used mechanism to regulate the activity of transcription factors in lower and higher organisms. TRAB1 was tested for this by in vivo 32 P labeling followed by immunoprecipitation experiments. Rice cells were cultured in the presence of 32 Pi for 1 h and treated with 50 M ABA for various time periods. Nuclear extracts were prepared from the labeled cells and subjected to immunoprecipitation with antibody raised against recombinant TRAB1 protein. As shown in Figure 3A , a 45-kD 32 P-labeled polypeptide was detected in the immunoprecipitates from the ABA-treated cells. Neither control preimmune antibody nor anti-TRAB1 antibody preincubated with an excess amount of recombinant TRAB1 protein was able to precipitate the labeled polypeptide. This result indicates that TRAB1 is, in fact, phosphorylated. A time course experiment ( Figure 3B ) showed that TRAB1 was not phosphorylated in the absence of ABA but was phosphorylated within 15 min after ABA treatment. The level of radioactivity in the TRAB1 polypeptide remained relatively constant up to 120 min. Because the amount of TRAB1 in the nuclear extract did not increase greatly after ABA treatment ( Figure 4A and data not shown), the incorporation of 32 P label into TRAB1 protein after ABA treatment was not attributable to de novo synthesis of the protein. These results indicate that TRAB1 is phosphorylated in an ABA-dependent manner.
A retardation of mobility on SDS-PAGE often is observed when a polypeptide is phosphorylated (Wang et al., 1998; Karniol et al., 1999; Ishida et al., 2000; Lopez-Molina et al., 2001) . Although not very clear, the electrophoretic mobility of TRAB1 appeared to decrease when cells were treated The structure of TRAB1 is shown in the scheme at top, where regions I to III and the bZIP are indicated with black and hatched boxes, respectively. Amino acids identical, similar, and dissimilar to those of TRAB1 and gaps are indicated by dashes, uppercase letters, lowercase letters, and underlined letters, respectively. The repeated sequence motifs Thr-hy-ac-ac and QGSLT (see text) are indicated by solid and dotted underlines, respectively. The Ser residue in the protein kinase C phosphorylation signature is indicated by a dot. The arrow points to the Met residue formerly predicted to be the N terminus from the sequence of the TRAB1 cDNA clone. The amino acids of TRAB1 are numbered based on the putative full-length sequence, which includes the N-terminal 56 amino acids predicted from the genome sequence obtained from the Syngenta draft sequence database (see text).
with ABA ( Figure 4A ). This observation was consistent with the labeling experiments. To characterize this mobility shift more clearly and to exclude the interference of cross-reacting polypeptides, TRAB1 protein tagged with double hemagglutinin and His 6 epitopes (TRAB1-dHA/His) was expressed in transgenic rice callus and detected with anti-HA antibody. Again, a decrease in the electrophoretic mobility of TRAB1-dHA/His polypeptides by ABA treatment was observed ( Figure 4B ). To confirm that this mobility shift in response to ABA was caused by phosphorylation, TRAB1-dHA/His was purified partially from the extract of control or ABA-treated cells by nickel-nitrilotriacetic acid agarose resin and treated with calf intestine alkaline phosphatase (CIAP). The phosphatase treatment of TRAB1-dHA/His from both control and ABA-treated cells resulted in an increase in mobility that was indistinguishable between the two ( Figure  4B ). These results indicate that the ABA-induced mobility retardation of TRAB1 was the result of phosphorylation. In addition, the observation that the mobility of TRAB1-dHA/ His polypeptide from the control cells also was increased by the phosphatase treatment indicates that TRAB1 is phosphorylated not only in response to ABA but also constitutively at a residue(s) different from the one that undergoes ABA-induced phosphorylation. TRAB1-dHA/His protein, from both control and ABA-treated cell extracts, sometimes split into doublet bands depending on slight changes in the electrophoretic conditions, suggesting that the constitutive phosphorylation occurs at multiple sites.
To determine the amino acid species that was phosphorylated in response to ABA, 32 P-phosphorylated TRAB1 protein, detected as in Figure 3 , was recovered from the polyacrylamide gel and subjected to acid hydrolysis followed by two-dimensional thin layer electrophoresis. As shown in Figure 5 , 32 P-radioactivity was found predominantly in the spot corresponding to phosphoserine but not in the phosphothreonine or phosphotyrosine spot. These results show that only a Ser residue in TRAB is phosphorylated in response to ABA. Ten micrograms each of the effector plasmid for wild-type (Wt) GBD-TRAB1 or its derivatives with an internal deletion of 20 amino acids (ID1 to ID4) as indicated in the sequence at top and the UAS-TATA-GUS reporter gene containing GAL4 binding sites was cotransfected into protoplasts of rice suspension-cultured cells by electroporation. Each transfection also included 5 g of a ubiquitin promoter::luciferase (LUC) plasmid as an internal standard. GUS activities were normalized with luciferase activity. The deleted region is indicated by the shaded area in the scheme of each mutant construct. The value of induction by ABA is shown with the ABA ϩ bars. BZ, bZIP.
Ser-102 of TRAB1 Is Phosphorylated and Essential for ABA-Induced Transcription
Because the deletion of amino acid residues 97 to 116 of TRAB1 resulted in the loss of the capacity to mediate the ABA signal, we suspected that the Ser residue in this region might be phosphorylated in response to ABA. This region contains a single Ser residue (Ser-102), which the PROSITE search predicted to be a potential protein kinase C phosphorylation site. To test this possibility, a mutant TRABdHA/His (S102A), in which Ser-102 was replaced by Ala, was compared with wild-type TRAB-dHA/His expressed transiently in protoplasts prepared from cultured rice cells ( Figure 6 ). By immunoblot analysis, wild-type TRAB1-dHA/ His was detected as triplet bands, which are designated bands F (fast), M (middle), and S (slow) for their order of mobility ( Figure 6 ). In contrast to wild-type TRAB1-dHA/His, the S102A mutant protein gave only two bands, F and M ( Figure  6 ). Therefore, the S band of the wild-type protein depends on the presence of Ser-102. ABA treatment of the cells resulted in an increase in the intensity of band S of the wildtype protein and a decrease in the intensity of band F. This change in the relative intensities of the two bands corresponded to the phosphorylation-associated mobility shift observed in Figure 4 . ABA treatment affected neither the mobility nor the intensity of the two bands of the mutant protein. These results, in conjunction with those from the experiments using the transgenic callus, strongly suggest that Ser-102 is phosphorylated in response to ABA.
Because constitutive phosphorylation appears to occur at multiple sites, as suggested above, the F and M bands in the absence of ABA signal most likely result from different levels of constitutive phosphorylation. This notion was confirmed by CIAP treatment, which converted both the three bands of wild-type TRAB1-dHA/His and the two bands of the S102A mutant into single bands with the same mobility, which was greater than that of the F band (data not shown).
ABA-induced phosphorylation at Ser-102 probably converted the F band to M as well as M to F. Therefore, the M band would represent both Ser-102 phosphorylated and unphosphorylated forms with lower and higher levels, respectively, of constitutive phosphorylation. This could explain the ABA-induced increase and decrease in the intensities of the F and S bands, respectively, without change in the intensity of the M band. The weak S band of the wild-type protein, the Ser-102-phosphorylated form, found in the control cell extracts probably was produced by partial ABA activation or some other signal from the osmotic stress caused by the protoplast culture medium.
Ser-102 of TRAB1 Is Essential for ABA-Induced Transcription
Because ABA-induced phosphorylation of Ser-102 was suggested by the experiment described above, the functional importance of this residue was tested by introducing the S102A mutation into GBD-TRAB1 (Figure 7) . Indeed, the S102A mutation greatly reduced the ability of the GBD-TRAB1 fusion protein to confer ABA responsiveness to the UAS-TATA-GUS reporter gene. A control mutation (S94A) did not affect ABA induction. These results indicate that Ser-102 is essential for the ABA-induced activation of transcription, which is likely to be mediated by the phosphorylation of this Ser residue. The level of reporter gene expression in the absence of ABA also was decreased by the mutation. In the transient expression system, the basal level of reporter gene expression might be attributable in part to Rice suspension-cultured cells (Oc) were labeled with 32 Pi for 1 h. Cells then were treated with 50 M ABA. Nuclear extracts were prepared from the labeled cells and subjected to immunoprecipitation with anti-TRAB1 antibody followed by SDS-PAGE. (A) After ABA treatment for 30 min, immunoprecipitation was performed with preimmune serum (P), anti-TRAB1 antibody (AnT), or anti-TRAB1 antibody preincubated with an excess amount of recombinant TRAB1 (AnTϩT). The position of the 45-kD TRAB1 band is indicated by the arrow. The smaller minor bands indicated by asterisks are considered to be immunologically related to TRAB1. However, it is not known whether they are partially degraded forms of TRAB1 or the products of related genes. (B) Immunoprecipitation with anti-TRAB1 antibody using nuclear extracts from the labeled cells treated with ABA for the indicated times.
slight phosphorylation of Ser-102, as seen in Figure 6 . Therefore, the loss of this phosphorylated form by mutation may have resulted in a decrease in the basal level of reporter gene expression.
To further confirm the significance of phosphorylation at Ser-102, this residue was changed to an acidic residue, which might mimic a phosphoamino acid residue. As shown in Figure 7B , the S102D mutation significantly increased the level of activation in the absence of ABA. These results strongly support the importance of phosphorylation at Ser-102. Unexpectedly, the S102D mutation still responded to ABA, resulting in a level of reporter expression greater than that obtained with wild-type GBD-TRAB1 in the presence of ABA. This finding suggests that another ABA-dependent step is involved in the ABA-responsive activation of TRAB1, although ABA-induced phosphorylation at Ser-102 is a prerequisite. As seen in Figure 6 , a portion of the wild-type protein remained unphosphorylated at Ser-102 (the F band and probably a portion the M band) after ABA treatment. By contrast, expression of the S102D mutant mimicked complete phosphorylation at Ser-102. This difference could explain the higher levels of basal and ABA-induced reporter gene expression with S102D compared with those seen with the wild-type protein.
TRAB1 Is Localized in the Nucleus Independently of ABA
Previous studies have shown that transport from the cytoplasm to the nucleus of some bZIP proteins is regulated by signal-dependent phosphorylation (Harter et al., 1994; Droge-Laser et al., 1997; Kircher et al., 1999) . To determine whether this is the case with TRAB1, subcellular fractionation was performed followed by immunoblot analysis. As shown in Figure 8 , TRAB1 always was recovered in the nuclear fraction, irrespective of ABA treatment. The nuclear localization of TRAB1 was further examined in an experiment using a green fluorescent protein (GFP) fusion with TRAB1. Rice protoplast cells transformed with an expression plasmid for the GFP-TRAB1 fusion protein exhibited GFP fluorescence localized predominantly in the nucleus in the absence of ABA. By contrast, GFP fluorescence was observed in the entire region of the cell when normal GFP was expressed. These results confirmed the constant nuclear localization of TRAB1. Together with the results of experiments described above, our findings indicate that preexisting TRAB1 in the nucleus undergoes phosphorylation in response to ABA.
DISCUSSION
Phosphorylation/dephosphorylation is a frequently used mechanism to regulate the activity of a transcription factor in both eukaryotes and prokaryotes. In the present study, we demonstrate that TRAB1 is phosphorylated rapidly in vivo at a specific Ser residue in response to ABA. The S102A mutation led to the loss of an ABA-induced mobility shift of TRAB1 on SDS-PAGE. Furthermore, the mutation resulted in a great reduction of the capacity to mediate the ABA-induced activation of transcription. Therefore, Ser-102 is most likely phosphorylated in response to ABA, although the possibility that Ser-102 instead is critical to recognition by the responsible kinase cannot be excluded. In either case, the phosphorylation of TRAB1 is important to mediate the ABA-induced activation of transcription. Conversion of Ser-102 to Asp in GBD-TRAB1 did not result in a simple constitutive active form; instead, it led to increases of both basal and induced levels of reporter gene expression. This result suggests that a more complex mechanism operates for the ABA-induced activation of TRAB1. Although ABA-induced phosphorylation at Ser-102, which can be mimicked by the S102D mutation, is essential, TRAB1 is believed to undergo additional ABA-dependent change(s) for full activation. One such change could be the covalent modification of TRAB1, such as phosphorylation at another residue, which would not cause a detectable mobility shift on SDS-PAGE. Alternatively, the activity of a protein that interacts with TRAB1 could be regulated by ABA.
Although Ser-102 is conserved in most TRAB1-related bZIP proteins, including those identified from the Arabidopsis genome sequence, this Ser residue is replaced by a Cys residue in ABI5 and AREB3. One reason for this may be that ABI5 and AREB3 have another phosphorylation site that functions in place of this Ser. In fact, phosphorylation of ABI5 has been reported by Lopez-Molina et al. (2001) . However, their results were somewhat puzzling because 32 P labeling resulted in the same rate of 32 P incorporation into ABI5 irrespective of ABA treatment, whereas they observed a phosphatase-sensitive mobility shift that was induced by ABA. From their results, ABI5 appears to undergo both constitutive and ABA-induced phosphorylation at different sites, but only the ABA-induced phosphorylation causes the apparent mobility shift. They suggested a rearrangement of the phospho group within the molecule. They also reported a relatively high rate of ABI5 protein turnover in the absence of ABA. This rapid turnover of ABI5 may be responsible for the incorporation of the 32 P label in the absence ABA, which was not observed for TRAB1 within a similar time course of labeling.
Although both TRAB1 and ABI5 are responsible for ABAregulated transcription and interact with VP1/ABI3, their mechanisms for mediating ABA signals may be slightly different. The level of ABI5 itself is upregulated significantly by ABA through an increase in the transcript levels as well as the stability of the protein (Finkelstein and Lynch, 2000; Lopez-Molina and Chua, 2000; Lopez-Molina et al., 2001 ). The expression of ABI5 also is under developmental regulation. For example, the level of ABI5 transcript is considerably higher at the very late stage than at the middle phase of embryogenesis (Finkelstein and Lynch, 2000; Lopez-Molina and Chua, 2000) , and the ABA-induced accumulation of ABI5 protein is observed within only a limited period of the postgerminative seedling stage (Lopez-Molina et al., 2001 ). Therefore, a major part of transcriptional regulation via ABI5 could be accounted for by the level of the protein. In this sense, ABI5 could mediate an ABA response even if it is constitutively active. By contrast, the level of TRAB1 is affected only moderately by ABA (Hobo et al., 1999b) . Thus, TRAB1 must be regulated tightly by its activity. The lack in ABI5 of the Ser residue corresponding to Ser-102, which is critical for TRAB1 to mediate ABA signals, as well as the differences in the phosphorylation characteristics might account for the difference in the major mode of regulation between the two ABRE binding factors.
Ser-102 is found within a protein kinase C phosphorylation signature site predicted by PROSITE. However, a different type of protein kinase is thought to be responsible for the phosphorylation of TRAB1, because the presence of 32 P-labeled TRAB1 protein obtained as described for Figure 3 was recovered from the polyacrylamide gel and subjected to phosphoamino acid analysis. The autoradiogram made after two-dimensional thin layer electrophoresis is shown. The spots corresponding to phosphoserine, phosphotyrosine, incompletely digested phosphopeptide, and free phosphate are indicated. protein kinase C in plants is unlikely. Several protein kinases have been reported to be involved in ABA regulation. Constitutive overexpression of CDPK in maize mesophyll protoplasts has been reported to activate ABA-regulated promoters (Sheen, 1996) . However, CDPK is proposed to function at the same level or upstream of ABI1/ABI2 protein phosphatase (Sheen, 1998) , which is believed to operate at an early step of the signal transduction pathway. Thus, CDPK is not likely to be directly responsible for the ABA-regulated phosphorylation of TRAB1 or other equivalent transcription factors, which is the most downstream event in the primary ABA signaling pathway. Recently, Uno et al. (2000) reported an in vitro ABA-dependent protein kinase activity from Arabidopsis cultured cells using an N-terminal fragment of AREB1. The substrate fragment they used included the Ser residue corresponding to Ser-102 of TRAB1. Although the significance of this protein kinase activity in vivo has not been demonstrated, this or a similar kinase would be the most likely candidate for the ABA-dependent TRAB1 kinase. Another ABA-activated protein kinase, AAPK from guard cells of V. faba , has been characterized molecularly and physiologically and implicated in the regulation of the ABA activation of slow anion channels and thereby stomatal closure (Li et al., 2000) . The position of AAPK in the ABA signaling pathway is not known. It might be close to the bottom step of the signaling pathway leading to stomatal closure, namely, activation of the anion channel. Although all ABA signaling steps that lead to stomatal closure are considered to be cytosolic events, ABA-dependent phosphorylation of TRAB1, or other ABRE binding factors of similar function, should occur in the nucleus, as discussed below. However, the kinase could function in both the cytosol and the nucleus. In addition, the Arabidopsis genome sequence predicts a family of AAPK homologs consisting of at least nine Cotransfection assays were performed as described for Figure 2 using wild-type (Wt) GBD-TRAB1 or its derivatives that carry mutations at Ser-102. "None" indicates assays using the empty effector plasmid 35S-sh⌬-stop. The mutations are illustrated in the sequence at top. The value of induction by ABA is shown with the ABA ϩ bars. (A) Effect of the S102A mutation. (B) Effect of the S102D mutation.
members. Therefore, one or some member(s) of the family could operate in the nucleus to activate TRAB1 and the related ABRE binding factors.
The regulated phosphorylation of several plant bZIP factors has been reported. These factors include OPAQUE2 (Ciceri et al., 1997) , HY5 , G-box binding factors (Klimczak et al., 1992; Harter et al., 1994) , H/GBF1 (Droge-Laser et al., 1997), and CPRFs Wellmer et al., 1999 Wellmer et al., , 2001 ). The signal-induced phosphorylation of these factors has been demonstrated or suggested to alter their subcellular localization, stability, or affinity to the binding sequence. However, the consequence of ABA-induced TRAB1 phosphorylation is likely to be different. As shown previously and here, GBD-TRAB1 can activate transcription in response to ABA through a heterologous DNA binding domain and its target sequence (Hobo et al., 1999b ). Thus, the major regulatory step for ABA-induced transcription through TRAB1 does not appear to lie at the level of DNA binding. The only possibility for GBD-TRAB1 to bind the GAL4 target sequence in an ABA-dependent manner is via a global conformational change in TRAB1, which would unmask the DNA binding surface covered by TRAB1 polypeptide in the inactive state. The constant nuclear localization, independent of ABA, observed in the present study precludes the possibility of regulated nuclear targeting. Thus, ABA-induced phosphorylation is more likely to regulate the activation function. We showed previously that TRAB1 interacts physically with VP1, which has a strong acidic transcriptional activation domain at its N terminus (McCarty et al., 1991; Hobo et al., 1999b) . In addition, the possibility of ABA-regulated interaction between the two factors has been suggested (Hobo et al., 1999b ). Although we have not mapped the domain in TRAB1 responsible for this interaction, the N-terminal region that includes Ser-102 would be a candidate for the interacting domain, which might have a higher affinity for VP1 when phosphorylated. Alternatively, phosphorylation may cause a conformational change that results in the exposure of an interacting surface that resides in a different region.
In addition to ABA-induced phosphorylation, we found that TRAB1 is phosphorylated constitutively at different sites. Because the constitutive phosphorylation is likely to occur at multiple sites, the Thr residues in the repeated conserved motif Thr-hy -ac -ac , which is within the context of the casein kinase II phosphorylation site signature, could serve as such sites. The functional significance of the constitutive phosphorylation is unknown. It might be important for other regulation, such as desensitization of ABA signals, or in cross-talk with other signals.
Because most of the ABA signaling components identified to date are common to ABA-induced stomatal closure and gene expression, which occur in different intracellular compartments, the signaling pathway must branch at some point. However, little is known about the branched pathway specific to each different output. The ABA-induced phosphorylation of TRAB1 identifies the terminal or nearly terminal event of the gene expression branch of the ABA signaling pathway. Because phosphorylation is suggested to be a nuclear event, TRAB1 kinase may be specific to the gene expression pathway. Alternatively, the same kinase may (B) Phase contrast and epifluorescence microscopy images deriving from GFP or 4Ј,6-diamidino-2-phenylindole (DAPI) of a rice protoplast transiently expressing GFP or TRAB1-GFP. Oc cell protoplasts were transformed with a GFP or TRAB1-GFP expression plasmid by electroporation and cultured for 12 h before microscopic observation. Protoplasts were not treated with ABA. DIC, differential interference contrast. function in both the cytoplasm and the nucleus. Identification and cloning of the TRAB1 kinase will clarify this point and enable us to trace backward along the ABA signaling pathway, revealing the components of the gene expression branch.
METHODS
Plasmid Constructions
The internal deletion series of the GBD-TRAB1 expression plasmids were constructed from the wild-type p35S-Sh ⌬ -GBD-TRAB1 plasmid using the ExSite PCR-based site-directed mutagenesis kit (Stratagene, La Jolla, CA) with the following primer pairs: 5 Ј -CTG-CCGCGCACTCTCAGCGTCAAG-3 Ј and 5 Ј -CGCCATCGCTTGGCT-CTCCTCCGC-3 Ј for ID1; 5 Ј -GCGTCGCCGGGGGCGGCTGCT-3 Ј and 5 Ј -GGTGAGCGACCCCTGCCTCTGCAG-3 Ј for ID2; 5 Ј -AGGCGG-CAGCCGACGCTCGGGGAG-3 Ј and 5 Ј -CTCTCGCTCTAAGTCCCG-CCACAC-3 Ј for ID3; and 5 Ј -GTCAGAGAGAATACCGCTGCGGCG-3 Ј and 5 Ј -GGGCTGCTGCTGCTCCCCGCC-3 Ј for ID4. The presence of desired mutations and the absence of undesired mutations were confirmed by sequencing the entire TRAB1 coding region. Because the mutagenesis method included PCR amplification of the entire plasmid, an EcoRI-BamHI fragment of each mutated plasmid, which corresponds to the N-terminal half of the TRAB1 coding region, was excised and used to replace the corresponding fragment in the original wild-type p35S-Sh ⌬ -GBD-TRAB1 plasmid to avoid undesired mutations outside of the TRAB1 coding region. The GBD-TRAB1 expression plasmids with the S102A and S102D mutations were constructed similarly using a common prime (5 Ј -GTGCGCGGCAGGGTG-AGCGA-3 Ј ) and a specific primer (5 Ј -TCTCGCCGTCAAGACGGT-GGACGA-3 Ј and 5 Ј -TCTCGACGTCAAGACGGTGGACGA-3 Ј for S102A and S102D, respectively).
A double hemagglutinin (dHA)-His tag sequence was obtained by annealing the synthetic oligonucleotides 5 Ј -TCGACCCTTACCCAT-ACGACGTTCCAGACTACGCTGGTTACCCATACGACGTTCCAGACT-ACGCTAGATCCGGTCACCACCACCACCACCACTAA-3 Ј and 5 Ј -GAT-CTTAGTGGTGGTGGTGGTGGTGACCGGATCTAGCGTAGTCTGGAA-CGTCGTATGGGTAACCAGCGTAGTCTGGAACGTCGTATGGGTAAG-GG-3 Ј and ligated into SalI-and BglII-digested p35S-Sh ⌬ -stop (Suzuki et al., 2001 ) to produce p35S-Sh ⌬ -dHA/His. TRAB1 sequence was amplified from the pBluescript II SK Ϫ subclone by PCR using the M13 reverse primer and a synthetic oligonucleotide, 5 Ј -TTATTA-TGTCGACCCAGGGACCTGTCAATG-3 Ј , digested with EcoRI and SalI, and cloned into the corresponding site of p35S-Sh ⌬ -dHA/His to obtain the TRAB1-dHA/His expression plasmid (p35S-Sh ⌬ -TRAB1-dHA/His) for transient expression.
For Agrobacterium tumefaciens -mediated transformation, pIG121-Hm (Ohta et al., 1991) was modified by inserting a synthetic linker composed of 5 Ј -AGCTTCTCGAGGCGGCCGCACTAGTGAGCT-3 Ј and 5 Ј -CACTAGTGCGGCCGCCTCGAGA-3 Ј between the HindIII and SacI sites to create pIG121-Hm-HXS. A DNA fragment containing the 35S promoter of Cauliflower mosaic virus , truncated Sh1 intron, and TRAB1-dHA/His sequence was obtained by cutting p35S-Sh ⌬ -TRAB1-dHA/His with SphI followed by partial digestion with BglII and blunt ended with T4 DNA polymerase. XhoI-and SacI-cut ends were added to this blunt-ended fragment at the 5 Ј end of the promoter and the 3 Ј end of dHA/His sequence, respectively, by subcloning into the EcoRV site of pBluescript II and ligated into XhoIand SacI-digested pIG121-Hm-HXS. The resulting plasmid was transformed into Agrobacterium (EHA101).
pCaMV35S-sGFP (S65T)-NOS3 Ј (Chiu et al., 1996) was digested with NotI, blunt ended with the Klenow fragment, and then digested with SalI to obtain a green fluorescent protein (GFP) fragment. This GFP fragment was ligated to the SalI and BglII (blunt ended) sites of p35S-Sh⌬-stop to create the straight GFP expression vector (p35S-Sh⌬-GFP). The TRAB1 fragment was excised from p35S-Sh⌬-TRAB1-dHA/His with EcoRI and SalI and inserted into the corresponding site of p35S-Sh⌬-GFP to obtain the TRAB1-GFP fusion protein expression vector (p35S-Sh⌬-TRAB1-GFP).
Transient Expression Assays
Transient expression assays by electroporation with the p35S-Sh⌬-GBD-TRAB1 and UAS-TATA-GUS plasmids were performed as described previously (Hobo et al., 1999b) . For expression of TRAB1-dHA/ His, the protoplasts were electroporated with 4 g of the expression plasmid and cultured for 12 h. The culture was divided into two equal portions, each of which then was cultured further either in the absence or in the presence of abscisic acid (ABA; 50 M) for 1 h.
Plant Transformation
Agrobacterium-mediated rice (Oryza sativa) transformation was performed as described by Hiei et al. (1994) . Instead of regenerating plants, hygromycin-resistant transformed calli were maintained as suspension cultures in R2S liquid medium (Kyozuka and Shimamoto, 1991) containing 50 mg/L hygromycin and 250 mg/L carbenicillin.
Antibody Production
The entire TRAB1 cDNA fragment excised with EcoRI and SalI was cloned into pET32-a(ϩ) (Novagen, Madison, WI), and the recombinant His-thioredoxin-tagged TRAB1 was produced in Escherichia coli BL21(DE3). Nickel-nitrilotriacetic acid agarose (Qiagen, Valencia, CA) was used to affinity purify the recombinant protein. Polyclonal anti-TRAB1 serum was obtained by immunizing rabbits with the recombinant protein.
Immunoblot Analysis
Proteins were separated on 10% SDS-polyacrylamide gels and transferred to a nitrocellulose membrane (Transblot Transfer Medium; Bio-Rad, Hercules, CA) by tank electroblotting using 10 mM cyclohexylaminopropane sulfonic acid buffer, pH 10.5, containing 10% methanol. The membrane was blocked at room temperature for 2 h in TBST buffer (10 mM Tris, pH 7.5, 100 mM NaCl, and 0.1% Tween 20) containing 1% BSA, 3% gelatin, and 5% skim milk and then incubated for 2 h in the same buffer with anti-TRAB1 or anti-HA antibodies (Covance, Richmond, CA). After incubation with horseradish peroxidase-conjugated secondary antibody, the antigen bands were detected using ECL (enhanced chemiluminescence) protein gel blot detection reagents (Amersham Pharmacia Biotech, Buckinghamshire, UK) and exposing the membrane to an x-ray film (Hyperfilm ECL; Amersham Pharmacia Biotech).
Labeling and Immunoprecipitation Experiments
Rice suspension-cultured cells (Oc cells) were precultured in R2S medium (Kyozuka and Shimamoto, 1991) depleted of Pi for 1.5 h. After the preculture, the cells were cultured in the same medium containing 0.2 mCi/mL 32 P-orthophosphoric acid for 30 min and then treated with 50 M ABA for various periods (0 to 120 min). After the ABA treatment, the cells were harvested and washed with the culture medium containing 10 mM potassium phosphate. Nuclear extracts were prepared from the recovered cells, diluted with ninth volume of TBST, and incubated with anti-TRAB1 antibody (1:200 dilution). The antigen-antibody complexes recovered on protein A-agarose (Pierce, Rockford, IL) were washed with TBST and separated on a 10% SDSpolyacrylamide gel and autoradiographed. Phosphoamino acid analysis was performed essentially as described by Kamps and Sefton (1989) using the radioactive TRAB1 polypeptide recovered from the gel.
Cell Fractionation and Preparation of Protein Extracts
Rice cells were disrupted using a Mini-BeadBeater-8 (BioSpec Products, Bartlesville, OK) in the presence of nuclei preparation buffer (0.5 M hexylene glycol, 20 mM KCl, 20 mM Pipes, pH 6.5, 0.5 mM EDTA, 0.4% Triton X-100, 0.05 mM spermine, 0.125 mM spermidine, 7 mM 2-mercaptoethanol, 5 mM NaF, 0.2 mM sodium vanadate, 2 mM p-nitrophenylphosphoric acid disodium salt, and 1 ϫ COMPLETE [Roche Diagnostics, Mannheim, Germany]). Alternatively, the cells were ground into powder with a mortar and pestle in the presence of liquid N 2 and extracted with nuclei preparation buffer. The postnuclear and crude nuclear fractions were separated by centrifugation at 5000g for 5 min. The crude nuclear pellets were washed once with nuclei wash buffer (40 mM Hepes-NaOH, pH 7.3, 10% [v/v] glycerol, and 0.1% Tween 20) and extracted with nuclei wash buffer containing 350 mM NaCl, 5 mM NaF, 0.2 mM sodium vanadate, 2 mM p-nitrophenylphosphoric acid disodium salt, 1 ϫ COMPLETE, and 0.4% Triton X-100.
Phosphatase Treatments
TRAB1-dHA/His protein in the nuclear or protoplast extracts was recovered with nickel-nitrilotriacetic acid agarose resin (Qiagen). After changing the buffer to calf intestine alkaline phosphatase buffer (50 mM Tris-HCl, pH 7.6, and 0.1 mM EDTA) using a gel-filtration spin column, the protein solution was incubated with or without calf intestine alkaline phosphatase (Takara-Shuzo, Kyoto, Japan) at 37ЊC for 30 min. Protoplast extracts were treated similarly. After treatment, proteins were separated on an 8% SDS-polyacrylamide gel until a 25-kD prestained size maker was run off the gel and subjected to immunoblot analysis.
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